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PEELIMIHAEr EVALCATIOIT OF THE AIR AHD FUEL SPECIFIC-IMPULSE 
CHARACTERISTICS OF SEVERAL POTENTIAL RAM-JET FUELS 
II - MAGNESIUM AND MAfflCBSIUM - OCTEHE-1 SLURRIES 
By Benson E. Gammon 


SUMMARY 

A preliminary analytical evaluation of tlie air and fuel speclfic- 
I.TTipulse diaracteristics of magnesium and magnesium - octene-1 sltirries 
was made. 

Adiatatic combustion flame temperature, air specific lngoulse, and 
j^el-weigh.t specific impulse are given for each. fuel. The air- and 
^el-welght speclfic-lirpulse data for octene-1, which was taken as 
representative of liydrocarhon performance, are presented for ccmparlson. 

The ccHribustion flame teir^ieratiires avallahle with magnesium and 
magnesium - octene-1 sltirrles are greater than those for octene-1. The 
air specific impulse, or thrust, available for magnesium and for 
magnesi\mi - octene-1 slurries exceeds that avallahle for octene-1. 
Ram-Jet combustor operation with magnesium hydrocarhon slurries offers 
a means of Improving the fuel -weight specific impulse attainable with 
magnesium alone and of increasing the limiting air specific impulse 
attainable with hydrocarbon alone. 

Under the- conditions considered in the calculations, aluminum gives 
a better fuel-wel^t specific inpiUse than magnesium for all alr- 
speclfic-impulse values less than 185; for air specific-impulse values 
greater than 185, magnesi-um apparently gives superior fuel-wei^t 
^eclfic -impulse values. Under the conditions considered in the cal- 
culations, magnesium - octene-1 slurries are roughly equal, or superior, 
to aluminum - octene-1 slurries with respect to fuel-weight ^ecific 
Impulse at a fixed air specific impulse. 
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IHTROIXJCTIOir 

An analytical investigation is being conducted at the MCA Lewis 
laboratory to determine the air and fuel specific -impulse characteris- 
tics of several potential ram- jet fuels. This analytical investigation 
is a part of a larger program to explore ram-jet fuel potentialities 
experimentally and analytically. Fuels being considered in the analy- 
tical investigation include: boron, diborane, pentaborane, hydrogen, 

(x-methylnapht h alene , octene-1 (taken as representative of aviation- 
gasoline performance) , graphite carbon, and slurries of boron, magnesium, 
and aluminum, in octene-1. Data on the air and fuel specific- impulse 
characteristics for octene-1, aluminum, and aliminum - octene-1 slwries 
are presented in reference 1. The air specific impulse is a measure of 
the potential thrust, whereas the fuel-wei^t specific impulse is a 
measure of" the length of time a pound of fuel will maintain the air 
specific iim>iilse. The fuel specific impulse is a measure of the fuel 
econamy. 

The practical utilization of solid metals as fuels for other than 
short-range ram jets presents considerable fuel transport and injection 
problems. The use of fluidized metal-hydrocarbon slurries offers one 
possible way of achieving metal-fuel benefits with an apparent Tn^^^^Tm^Tn 
alteration of current llguid-fuel storage, pumping, and injection 
apparatus and techniques. 

Magnesium offers possible advantages over alumimim as a potential 
ram-jet fuel. The heat of ccsnbustlon per pound of air for magnesium is 
greater than for alrunlnum. Magnesium is more chemically reactive +.~hqr i 
alumlnum> this suggests possible' advantages of combustion stability. 

One of the commercial manufacturing methods (reference 2) produces 
magnesium in a finely divided state which may prove to be suitable for 
use in hydrocarbon slurries. 

The physical properties of the metal oxide formed in combustion are 
Inportant with regard to the formation of deposits in the combustor and 
nozzle. Aluminum sesquloxide undergoes a solid-liquid phase transition 
at temperatures sufficiently low to make deposits an operational problem 
(reference 3). The magnesiimi oxide solid-liquid phase transition takes 
place at a considerably hi^er tei^erature than the aluminum sesquloxide 
transition. As a consequence, less difficulty due to oxide deposits 
might be anticipated for magneslvun when used as a ram-jet fuel. 



2145 


KACA EM E51C23 


3 


The present report gives data for magnesium and for magnesium - 
octene-1 slurries on: 

(a) Adiahatic conibustlon flame ten 5 >erature as a function of equi- 
valence ratio 

(h) Air specific impulse as a function of equivalence ratio 

(c) Fuel-wei^t specific impulse as a function of fuel equivalence 

ratio 

(d) Fuel-weight specific impulse as a function of air specific 
impulse 


THEEMODYEAMIC DATA AND AEALYTICAL METHOD 

Thermodynamic data . - Thermodynamic data for the constituents, with 
exceptions indicated helow, are taken from reference 4. An empirical 
eqvtatlon (given in reference 5) for the heat capacity of magnesium 
oxide was used to obtain tabulated values of enthalpy, entropy, and 
heat capacity. The heat of formation of magnesium oxide is also taken 
from reference 5> the standard- state entropy of magnesium oxide is taken 
from reference 6. Thermodynamic data for the vapor pressure of mag- 
nesium oxide at elevated temperatures, the boiling point temperature, 
the latent heat of vaporization of magnesium oxide, and the equilibrium 
constants for the dissociation of magnesium oxide, are of such a nature 
that special assumptions had to be made in the analytical method. 

Analytical method . - The analytical method employed- is presen-fced ■ 
in reference Ij the same method was used for magnesium and magnesium - 
octene-1 slurries as -was used for aluminum and fear a1 umimim - octene-1 
slTurrles. The empirical heat-capacity equation for magnesium oxide is 
■valid up to 3800° R with an accuracy of +2 percent; it was extrapolated 
to about 5800° R. Suitable vapor -pres sure data for magnesium oxide as 
well as equilibrium data with magnesitum and oxygen are not available. 
Consequently, throu^out the calculations, magnesiiim oxide -was con- 
sidered a nondissociating condensed phase without significant vapor 
pressure. No attempt was made to extend the calculations to higher 
temperatinres and air -specific -impulse values because of these limita- 
tions. 


The constituents considered to be present "when magnesium was used 
as the sole fuel are: solid magnesium oxide, nitrogen, oxygen, nitric 

oxide, atomic nitrogen, and atomic oxygen. The constituents considered 
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when nliagnesltun - octene-1 slurries were used are: solid magnesium 

oxide, carbon dioxide, nitric oxide, water, oxygen, hydrogen, nitrggen, 
carbon monoxide, hydroxyl radical, atomic hydrogen, atomic nitrogen, 
and atomic oxygen. 

Combustor inlet-air conditions are taken as 560° R and a pressure 
of 2 atmospheres throu^out the analysis. She terms "fuel equivalence 
ratio and stoichiometric fuel fraction'' are based on the oxygen avail- 
able in the air and are used interchangeably. 


RESULTS AND DISCUSSION 

Temperature . - The adiabatic constant -pres sure combustion tenipera- 
ture and the nozzle-exit gas temperature for magnesium and for 
magnesium - octene-1 slurries are presented^ln figures l(a) and l(b), 
respectively. At a stoichiometric fraction of 0.5 and an inlet-air 
temperature of 560° R, the adiabatic ccanbustlon temperature is 5500° R 
for magnesium. For the miagnesium - octene-1 slurry at a total stoi- 
chiometric fuel fraction of 1.0 and a magnesium stoichiometric fuel 
fraction of 0.5, the adiabatic combustion temperature is 5720° R. 

Air specific impulse . - At a fixed total fuel equivalence ratio of 
1.0 for magnesium - octene-1 slurries, the air specific Impulse varies 
from 170.4 ((lb) (sec) /lb air) at a magnesium equivalence ratio of 0 
to 208 ((lb) (sec) /lb air) at a magnesl\mi equivalence ratio of 0.5 as 
is represented in figure 2. It is not anticipated that this approxi- 
mately linear variation of air specific Impulse with magnesium equi- 
valence ratio would hold up to a magnesium equivalence ratio of 1.0. 

The weight percent of magnesium in the slurry is shown as an auxiliary 
scale. 

The variation of air specific impulse with stoichiometric mag- 
nesium fraction is presented in figure 3. The air specific impulse 
varies nonllnearly from 109 at a magnesium equivalence ratio of 0.1 
to 191 at an equivalence ratio of 0.5. The dashed octene-1 curve, 
taken as representative of aviation-gasoline performance, is shown in 
this figure as a reference standard. At the stoichiometric point, data 
for the air specific impulse of magnesium - octene-1 slurries at the 
0.1, 0.3, and 0.5 magnesitim equivalence fractions taken from figure 2 
are shown in figure 3. This figure suggests a manner of Interpolating 
or extrapolating the data to conditions not covered in the calculations. 
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Fuel--wel^t specific Impulse . - The variation of fuel-wei^t spe- 
cific impulse with magnesium equivalence ratio is presented in figure 4. 
In figure 5 is shown the variation of fuel-weight speclfip in^rulse with 
stoichiometric fractloa of magnesium in a magnesium - octene-1 slurary 
when the total stoichicmetric fuel fraction is fixed at 1.0. 

Relation hetween air and fuel specific impulse . - Figure 6 presents 
the variation of fuel -weight specific impulse with air specific inpulse 
for magnesium. These data were obtained by cross plotting the data for 
fuel- and air-speclfic-impulse variation with stoichiometric fuel frac- 
tion. The curves for octene-1 and for aluminum are shown also. At a 
fixed air specific impulse below 172 ((lb) (sec) /lb alj^^ octene-1 gives 
a fuel specific inpulse superior to magnesium, ifegaesium, however, 
permits the attainment of higher air-speciflc-lmpulse values than 
octene-1. For alr-specific-inpulse values below about 185, alunrtmm 
gives fuel-specific-impulse values superior to magneslumj above this 
value the Inverse is apparently true. 

The variation of fuel-wei^t specific impulse with air specific 
Inpulse for magnesium - octene-1 slurries at a fixed total stoichio- 
metric fuel fraction of 1.0 is presented in figure 7. The aluminum - 
octene-1 dotted curve is shown for comparison. The magnesium - octene-1 
slurries, xmder these conditions, are .roughly egual, or superior, to 
aluminum - octene-1 slurries with regard to the value of fuel-wei^t 
specific impulse at a fixed air specific inpulse. 

Data for octene-1, magnesium, and magneslTam - octene-1 slvirrles 
previously shown in figures 6 and 7 are represented on a conn on scale 
in figure 8. 


SUMMAEI OF RESULTS 

For the conditions of this preliminary analysis, the following 
conclusions may be drawn; 

1. Maguesium is capable of producing higher combustion flame tem- 
peratures than octene-1. Magnesium used as a ram- Jet fuel is capable 
of producing a higher limiting air specific inpulse than octene-1. 
Where ram-Jet combustion operation is feasible at a given air specific 
inpulse with octene-1 and with magnesium, octene-1 has a hi^er fuel- 
wei^t specific inpulse than magnesium. 



6 


mck m E51C23 


2. Magnesitutt-octene-1 (or ma^esium-hydrocar'bon) sliirries offer a 
means of increasing the limiting air specific iapulse available •with 
octene-1 (hydrocarbon fuels) . With magnesium - octene-i slurries a 
hi^er fuel-ve'ight specific Itrpulse is possible than when ram-^et 
operation is achieved at the same air specific impulse with magnesium 
alone . 

3. Under the conditions considered in these, calculations, aluminum 
gives a fuel-weight specific impulse superior to magnesium for all air 
specif ic -Impulse values less than about 185 ((lb) (sec) /lb aii^j 'above 
air- specif ic-inpulse values of 185 ((lb) (sec) /lb air), the inverse is 
apparently true. 

4. Under the ccnditions cansidered in these calculations, 
magnesium - octene-1 slurries are roughly equal, or superior, to 
aluminum - octene-1 slurries with respect to fuel-weight specific 
inipvilse at a fixed air specific llI 5 )^alse. 

5. Additional thermodynamic data for magnesium oxide at elevated 
ten^jeratures are 'required to extend this analysis to higher temperatures 
and higher air-speclflc-lni>ulse values. 


Lewis Flight Propulsion Laboratory, 

national Advisory Committee for Aeronautics, 
Cleveland, Ohio, 
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Stoiohlometrlo fraction of magnesium 
in Blurry 

(b) Fuel, magnesium in slurry; stoichiometric 
fraction of magnesium plus octene-1 fixed 
at 1.0. 


Figure 1. - Theoretical combustion- and 
nozzle-exit temperature vatrlatlon with 
stoichiometric fraction of fuel. Combustor 
Inlet-alr temperature, 560° R; Inlet-air 
pressure, 2 atmos^h^r.ef j ^xpanslon ratio. 
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Stoichiometric fraction of magnesixm in sliirry 


10 20 30 40 50 60 70 ^ 80 

Weight percent of magnesium in slurry 

Figure 2. - Variation of air specific impulse with stoichio- 
metric . fraction of magnesium in slurry. Combustor inlet-air 
temperature, 560° Rj inlet-air pressure, 2 atmospheres. 
Stoichiometric fraction of magnesium plus octene-1 fixed 
at 1.0. 




Figure 3. - Variation of air specific impulse with stoichiometric fraction 
of fuel. Combustor inlet-air temperature, 560° Rj inlet-air pressure, 

2 atmospheres. 
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Figure 5. - Variation c 
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Combustor Inlet-alr t 
pressure, 2 atmospher 
of magnesium plus oct 
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Air specific Impulse, (lb)(sec)/lb air 



Figure 6. - Variation of fuel-weight specific Impulse with air 
specific Impulse for aluminUm, octene-1, and magnesium. 
Combustor Inlet-alr temperature, 560 R; Inlet-air pressure, 
2 atmospheres . 
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Figure 7. - Variation of fual-wei^t specific inrpiilse with air 
specific inpulse for magnesium slurry in octene-1. Combustor 
inlet-air temperature, 560° R} inlet-air pressure, 2 atmos- 
pheres. Stoichiometric fraction of magnesium plus octene-1 
fixed at 1.0. 
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Octene-1 


Variable 

equivalence 
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Magnesium - octene-1 slurry- 


Fixed equivalence 
ratio of 1.0 




Air specific impulse, (lb)(sec)/lb air 


Figure 8. - Comparison of air- and fuel-specific impulse characteristics 
for octene-1, magnesium, and magnesi\jm - octene-1 slurries. 
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